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1. Introduction

In contrast to the enormous amount of
work accomplished by chemists in the
elucidation  of biosynthetic pathways of
secondary metabolites (terpenes, steroids,
alkaloids, among others), only a few at-
tempts have been made until now to un-
derstand the mechanisms oftheirdegrada-
tion in living organisms. A possible rea-
son for this fact is the irrational association
of degradation (catabolism: greek Kara=
down) with decay and, thus, with unattrac-
tive dirty colors and unpleasant odors. The
other reason is probably the meaning that
degradation  processes occur outside the
cell rather by uncontrolled chemical reac-
tions which are achieved by environmen-
tal factors such as oxygen, water, temper-
ature, etc., than by catabolic (i.e., enzyme-
catalyzed) processes. Thus, with excep-
tion of proteins, fats, and sugars, which are
subjected to acontinuous degradation and
rebuilding in the living organism, and of
nucleic acids, the well-documented  catab-
olism of which is treated in all text books
on biochemistry, almost nothing is known
concerning the fate of most of the compo-
nents ofliving organisms which are liber-
ated from the organelles in the course of
morphological differentiation of their cells.
Actually, as the main pathways ofbiogen-
esis, by which virtually all natural com-
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of naturally occurring
and vitamin B12) is shortly reviewed.

tetrapyrrolic  pigments

pounds known so far are synthesized, have
been already elucidated, it may be antici-
pated that the study of catabolic processes
will attract the interest of more chemists
and biochemists in the near future.

2. Heme Catabolism

It has been known for over half a cen-
tury that heme, the oxygen-carrier mole-
cule associated with the blood pigment
hemoglobin, is converted in animal cells
to bile pigments, which are excreted with
the faeces and urine [I]. Owing to its
significance  in human medicine, the ca-
tabolism of the heme released wupon the
degradation  of hemoglobin and related
chromoproteins,  like myoglobin and cyto-
chromes, has been intensively studied
during the past decades. Particularly, in
recent years the application of modem
spectroscopic, chromatographic, and iso-
topic techniques as well as the develop-
ment of methodologies which made the
most important bile pigments like biliver-
din [2], bilirubin [3], phycocyanobilin
[41[5], phycoerythrobilin  [6][7], and phy-
tochromobilin  [8] accessible by chemical
synthesis have enabled to elucidate a
number of central aspects of the problem
but made others, of course, still more
puzzling.

Ordinarily, heme degradation occurs
in the phagocytic cells of the bone mar-
row, spleen, and liver but can probably
occur in macrophages in other tissues as
well. The catabolic process is initiated by
the oxidative scission of the protoporphy-
rin IX macrocycle, the chromophore of
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heme (1), at the a-methene bridge (C(5))
producing CO and an unstable Felli com-
plex. The latter loses the metal ion to yield
the green pigment protobiliverdin  IXa
(usually abbreviated to biliverdin  (2)),
which is excreted by birds and amphibia,
as the final product of heme catabolism
(cf Scheme 1). The iron is recovered in the
protein called ferritin and can be reutilized
for the biosynthesis of new heme mole-
cules. As biliverdin (2) has been recog-
nized to be aprecursor in the biosynthesis
of phycobilins [9], a similar pathway is
probably followed for the biosynthesis of
this class oflight-harvesting  chromophores

Scheme I. Catabolism (!{{Heme in Mammals

(Proto)biliverdin 1Xa (2)

(Proto)bilirubin 1Xa (3)
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which are associated with photosynthesis
in cyanobacteria and in two groups of
eukaryotic algae, namely the red algae and
the cryptomonads.

Moreover, the occurrence of bile pig-
ments in arthropoda (insects, crabs,
shrimps, and barnacles), mollusca (squids,
clams, snails, etc.), as well as in egg shells,
fins, and scales has been recognized for a
long time. Thus, e.g., biliverdin (2) is
responsible for the green color of the pray-
ing mantis (Mantis religiosa LL.); one of its
regioisomers, pterobilin (protobiliverdin
IX7), has been isolated from the wings of
certain butterflies, another regioisomer
(protobiliverdin IX &) from the ovaries of
the marine snail Turbo cornutus [10]. At
least for insects of two different taxonom-
ic categories (Mantis religiosa L., which
feeds on other insects, and Locusta migra-
toria L., a herbivore), de novo biosynthe-
sisofendogenousbiliverdin has been dem-
onstrated [11]. As insects do not contain
heme in their hemolymph, either a biosyn-
thetic pathway peculiar to them or degra-
dation of cytochromes may be taken into
consideration to explain the presence of
biliverdin (2) in their tissues. In humans
and mammals, enzymatic reduction of
biliverdin, which is catalyzed by the
NADPH-dependent enzyme biliverdin
reductase, yields yellow bilirubin (strictly
speaking protobilirubin IX & (3)). Actual-
ly, catabolism of heme is the only known
source of bilirubin (3), of which 300-500
mg are produced daily in adult human
beings. Once formed, 3 is esterified with
various sugars (mainly glucuronic acid) in
the liver, and these water-soluble esters
(so-called bilirubin conjugates) are ex-
creted via the bile duct into the gut where
they undergo further reductive transfor-
mations to urobilinoids by the intestinal
flora, before their final excretion in the
faeces.

On the basis of the experimental evi-
dence available at present, Scheme 2 is
proposed as an outline of the chemical
steps involved in the conversion of heme
to biliverdin in vivo (¢f. [9]). The mode of
action of microsomal heme oxygenase
may be analogous to the commonly ac-
cepted mechanism of the autoxidation of
ferrous porphyrins in vitro, as represented
inScheme 3 (cf. [12]). Thus, the suggested
pathway explains the requirement for
molecular oxygen and provides an expla-
nation for the need for NADPH and a
functioning microsomal electron-transport
system. Moreover, it is consistent with the
finding that the microsomal heme oxyge-
nase is inhibited by CO as well as by azide
and cyanide ions, which may interact with
the ferrous heme-protein complex. Inter-
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Scheme 2. Hypothetical Mechanism for the Catabolism of Heme to Biliverdin IXouin vivo, Side chains

and apoprotein have been omitted for clarity.
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estingly, heme oxygenase is inactive
against protoporphyrinIX, suggesting that
the central Fe-atom of heme is essential
for the activity of the enzyme.

It is known that pyridino-ferrous-por-
phyrin complexes (so-called pyridine he-
mochromes (4), L = pyridine) are readily
oxidized and cleaved to give bile pigment
precursors by mild treatment with oxygen
in the presence of an excess of a suitable

reducing agent (usually ascorbic acid).
This reaction, named ‘coupled oxidation’
because it requires both oxygen and a
reductant, was thought in the past to be a
suitable model for the enzymatic break-
down of heme, in which basic amino-acid
residues of the apoprotein replace pyrid-
ine as stabilizing ligands for ferrous iron
and NADPH acts as the reducing agent.
However, after the origin of the O-atoms
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present in the two lactam groups of the
biliverdin molecule has been soundly es-
tablished by a series of outstanding exper-
iments using oxygen isotopes by Brown
and coworkers [13-15], the mechanism of
the enzymatic reaction appears to be more
complex. According to these investiga-
tions, the cleavage of the protoporphyrin
macrocycle occurs by a ‘two-molecule
mechanism’, i.e., the terminal lactam O-
atoms in biliverdin (2) are derived from
two different O, molecules. Thus, the for-
mation of 2 by a hydrolytic step invelving
the insertion of an O-atom from the medi-
um does not occur in the heme-oxygenase
system. This reaction pathway (7 — 8) has
been observed, however, in the coupled
oxidation of hemoglobin in vitro, in which
the formed biliverdin contains one O-atom
derived from H,0 and one from molecular
O, (¢f. Scheme 2). Nevertheless, in a hy-
drophobic environment, an intermediate
of the oxaporphin type 6 may be reduced
by NADPH to the corresponding ferrous
complex, which in turn would be able to
react with O, in the same manner as for-
mulated for the original hemochrome com-
plex, to yield ultimately a ferric complex 8
of biliverdin. On hydrolytic decomposi-
tion of the latter, biliverdin (2) and a Fe!!
ion are liberated.

According to the reaction sequence
outlined in Scheme 2, the transformation
of heme into biliverdin (2) requires three
0O, molecules. The first intermediate
formed in the heme-cleavage process is
probably the oxyferriheme species (i.e.,
an iron-oxophlorin chelate 5). The forma-
tion of this intermediate involves a mixed-
function oxygenase type of reaction which
results in the regioselective hydroxylation
of one of the methene bridges of the tetra-
pyrrole macrocycle. Thus, which isomer
of biliverdin (2) is produced, is deter-
mined at the very first stage of the degra-
dation process. It is interesting that the
edge of the heme ring that is preferentially
attacked in the coupled oxidation of heme
proteins (the o bridge) is the most deeply
buried within the hydrophobic core of the
protein [16]. The further transformation of
oxyheme to biliverdin is a complex one,
since the process involves incorporation
of two additional O-atoms, loss of the Fe-
atom, and loss of the a-methene C-atom as
CO.

On the other hand, the finding that
biliverdin (2) is a biogenetic precursor of
phycocyanin [9] (via a bilirhodin-like in-
termediate? [ 17]) gives rise to the question
about the mechanism of the biosynthesis
of this photoreceptor molecule in organ-
isms (the cyanobacteria) which populated
the earth before oxygen was present in the

atmosphere in appreciable amounts. There-
fore, it is particularly interesting, in this
connection that bile pigments (so-called
bactobilins) are formed from uroporphy-
rins I and I1I by cell extracts of Clostrid-
ium tetanomorphum under anaerobic con-
ditions [18][19].

In summary, the mechanism of ring
cleavage of heme is highly unusual. The
coupled oxidation reaction is unique in
porphyrin chemistry in that it permits this
particularly stable macrocycle to be easily
opened under extremely mild conditions.
Furthermore, decarbonylation atroom tem-
perature in the dark is a rare reaction in
organic chemistry, specially in the con-
densed phase. Because of the lack of ap-
propriate chemical models for these un-
usual reactions, the pathway suggested on
Scheme 2 remains speculative. None the
less, it provides a valuable approach to the
better understanding of the mechanisms
of degradation of other tetrapyrrolic natu-
ral compounds.

As mentioned before, biliverdin (2)
produced upon cleavage of heme in the
mammalian liver is reduced to bilirubin
(3) by biliverdin reductase, before it is
conjugated and excreted in the bile. The
small amount of 2 frequently detectable in
mammalian bile is probably formed by
oxidation of conjugated bilirubin in the
bile ducts, in the gallbladder, or during the
collection process. In contrast, avian, rep-
tilian, and amphibian bile contains pre-
dominantly biliverdin (2), but most of this
pigmentappears to be unconjugated, since
biliverdin conjugates have not been iden-
tified with certainty. Most recently, bi-
lirubin-10-sulfonic acid has been identi-
fied as the end product of heme catabolism
inthe gallbladder bile from adult bullfrogs
(Rana catesbiania) [20]. Although biliver-
din (2) appears to be reduced to bilirubin
(3) in most fishes, it is interesting that
some species have high concentrations of
21n the serum. It is not clear why 3 rather
than 2 is the end product of heme catabo-
lism in mammals. In contrast to biliverdin
(2), bilirubin (3) is cytotoxic and not readi-
ly excreted, necessitating the development
of a complex series of conjugation and
transport functions for its removal and
elimination. The biological rationale for
the evolution of an apparently ubiquitous,
presumably substrate-specific, and regio-
selective biliverdin reductase remains ob-
scure.

The transport of bilirubin 3 from its
tissue sites of formation to its eventual
excretion in the intestinal tract can opera-
tionally be characterized by five phases:
1) transport in the plasma, 2) transfer into
the hepatocyte, 3) hepatic conjugation, 4)
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biliary excretion, and 5) transportandelim-
ination in the intestine. Bilirubin (3) re-
leased into the plasma is firmly bound to
plasma albumin, which serves as its carri-
er protein. The mechanism by which un-
conjugated bilirubin is removed from al-
bumin and transmitted into the liver cells
is unknown. Indeed, it is not even known
with certainty, whether the hepatic uptake
of 3isan active or a passive process. In the
liver, 3 undergoes ester formation with a
variety of carbohydrate moieties and pos-
sibly with other conjugating groups that
render the pigment water-soluble, The so-
called conjugation of the bile pigment is
catalyzed by membrane-bound enzymes
localized primarily in the endoplasmic
reticulum of the liver cell, the carbohy-
drate moieties being transferred from their
respective uridine diphosphate nucleotides.
Conjugation of 3 appears to be essential
for biliary excretion, since normally only
minute quantities of unconjugated bilirubin
occurs in mammalian tissue. The hepatic
excretory mechanism for conjugated bi-
lirubinis poorly understood, butitisknown
that it is shared by diverse groups of en-
dogenous compounds that are secreted
into the bile. In normal human bile, bi-
lirubin mono- or di-B-glucuronoside con-
stitute the predominant bile-pigment frac-
tion. Conjugation of bilirubin (3) restricts
back-diffusion of the excreted pigment
across the intestinal mucosa, which is es-
sential for its efficient elimination in the
alimentary canal. As a matter of fact, 3
does not appear to be resorbed in signifi-
cant amounts from the human intestinal
tract. In the distal portion of the intestine,
the excreted pigment undergoes a series of
stepwise reductions to urobilinoid chro-
mogens catalyzed by bacterial enzymes.
Removal of the conjugating carbohydrate
functions probably also occurs in the in-
testine, but it is not known whether this
takes place before, during, or after reduc-
tion. The biological rationale for the fecal
excretion of bile pigment in the form of
urobilinoids rather than as conjugated bi-
lirubin remains obscure. It is possible that
formation of these chromogens is of no
consequence to the host and is purely
incidental to the presence of microorgan-
isms in the intestine. It is noteworthy,
however, that at least one of these interme-
diates, urobilinogen, is reabsorbed from
the gut to the portal circulation and is
reexcreted by the liver (so-called entero-
hepatic circulation). Part of the urobilino-
gen escapes to the systemic circulation
and is excreted by the kidney.
Urobilinoid compounds have also been
found in the phycobilisomes, the supramo-
lecular assemblies attached to the outer
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surface of the thylakoid membrane which
contains the chlorophyll-binding proteins
and the reaction centre of the photosyn-
thetic apparatus in cyanobacteria and some
microalgae [21]. Their biosynthetic origin
is so far unknown.

The bacterial reduction of bilirubin to
urobilinoids was studied extensively by
Watson [22}. The most representative de-
rivatives are urobilinogen (properly: meso-
urobilinogen (9)) and (meso)stercobilino-
gen (10), which upon mild reoxidation by
air yield urobilins (e.g. d-(meso)urobilin
(11)) and stercobilins (e. g. [-(meso)sterco-
bilin (12)), respectively (cf. Fig. ). Al-
though intermediate pigments in the re-
duction pathway have been found (e.g. an
optically active d-monovinyl-urobilin, the
structure and absolute configuration of
which was established by synthesis [23]),
the mechanism of the bacterial reduction
of bilirubin (3) is not completely under-
stood; apparently it depends on the strain
of bacteria and conditions in the gut.

The microbiological reduction of bi-
lirubin (3) is stereoselective. The occur-
rence of an optically inactive mesourobi-
lin (*i-urobilin’) in faeces may be explained
by racemization of the corresponding op-
tically active compound. In fact, owing to
the acidity of their H-atoms attached to the
stereogenic centres, urobilins are prone to
isomerization both in basic and acidic
medium. In the latter, a mixture of diaste-
reoisomeric bilirhodines are formed, the
structure and relative configuration of
which has been elucidated by synthesis
[24][25].

Optical activity of the urobilinoids was
first observed by Fischer et al. {26] with
laevorotatory stercobilin; adextrorotatory
urobilin was discovered later by Schwariz
and Watson in human fistula bile {27].
Uro- and stercobilins are characterized by
their extremely high optical activity (e.g.
[a]p = + 5000 for natural d-mesourobilin,
[alp = — 4000 for [-stercobilin). The
optical activity of urobilinoids has been
explained by the presence of an inherently
dissymmetric dipyrrin chromophore, the
helicity of which is conditioned by the
absolute configuration of the asymmetric
C(4)- and C(16)-atoms [28]. Only recent-
ly, however, the absolute configurations
of two urobilinoid bile pigments could be
assigned unequivocally by X-ray diffrac-
tion analysis of their synthetic precursors
[29]1[30], so that a relationship between
helicity of the chromophore and sign of
the Cotron effect in this class of com-
pounds can be now established experi-
mentally [31].

Asamatterof fact, biliverdin (2), which
is intrinsically an achiral compound, oc-
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Fig. |. Principal bile pigments formed by bacterial reduction of bilirubin in the intestine of mammals

curs in solution in helical conformations,
which are dissymmetric. However, as the
energy barrier for the mutual transforma-
tion of enatiomeric biliverdin conformers
is rather low (10 £ 0.5 kcal/mol at 200 K)
[32], this bile pigment, in contrast to the
urobilinoids, is devoid of any optical ac-
tivity. Bound to proteins, however,
biliverdin derivatives may occur either as
chiral helical-shaped molecules — e.g. in
the wing pigment of the cabbage butterfly
(Pieris brassicaelL.)[33] - oras ‘stretched’
chromophores in the so-called phycobili-
proteins. It has been shown experimental-
ly [34][35] that the enhanced extinction of
the visible-absorption band of the latter is
caused by the presence of ‘stretched’ con-
formations of the chromophore, as origi-
nally suggested by theoretical calculations.
Partially ‘stretched’ bile pigment chromo-
phores result also from (Z) — (E) isomer-
ization of the exocyclic C=C bonds
[36][37]. This process has been studied
intensively with bilirubin as a substrate
owing to its relevance in the treatment of
human hyperbilirubinemia by photothera-
py. In the case of biliverdin and its deriv-
atives, however, this kind of isomers have
not yet been found in nature.

3. Chlorophyll Catabolism

Besides fucoxanthin, the characteris-
tic pigment of many marine algae and,
without question the most abundant natu-
ral carotenoid, chlorophyll is the natural
pigment that is present in the greatest
amounts on earth (at a rough estimate
some 10° t of chlorophyll are destroyed
and re-synthesized each year on land and
in the oceans).

In some aspects heme (1) and chloro-
phyll are intimately related natural com-
pounds, in another sense they are antithet-
ic. Thus, although, in contemporary or-
ganisms, protoporphyrin IX is a biosyn-
thetic precursor of chlorophyll [38], it is
generally agreed that photosynthetic
prokaryotes appeared on the earth before
aerobic live would be able to develop, i.e.,
the function of chlorophyll a, as an ubig-
uitous photosynthetic pigment in nature,
preceded the evolution of hemoglobin, as
the most common oxygen-carrier protein
in eukaryotic cells. From this point of
view, heme symbolizes the (most frequent-
ly destructive) heterotrophic metabolism,
whereas chlorophyll enables living organ-
isms to build up complex organic mole-
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Fig.2.Someimpor-
tant plant hormo-
nes involved in se-
nescence of plant
tissues

Fig. 3. Chlorophyll
a cataholites from
Chlorella strains

Fig.4.Chlorophyll
acatabolites isolat-
ed from phanerog-
ams
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cules from CO, and H,O. Thus, the psy-
chological response (aggressiveness and
appeasement) to the colors red and green
in higher developed living creatures may
be an atavism, which has its origin in the
chemical structure of two natural pigments
derived from the same biogenetic precur-
SOI.

Itis all the more surprising that despite
the fascination exerted by the yearly play
of colors, which takes place in the plant
kingdom at the beginning of the autumn in
the nontropical countries, the natural fate
of chlorophyllin the leaves turning yellow
remained an enigma until four years ago
[39]. Despite subtle experiments, which
were carried out at the end of the last
century to get insight in this phenomenon,
the only relevant finding from these earli-
er studies, from the structural point of
view, was the recognition that the yellow
color of autumn leaves is due to caroti-
noids (mainly lutein = xanthophyll) which
are already present in the plant cells before
their senescence, and are not related to the
breakdown of chlorophyll [40]. On the
other hand, however, the regulation of
senescence in plants has been object of a
large number of investigations [41]. The
prominent role played by some endog-
enous substances like ethylene, cytoki-
nins (e.g. kinetin (13}, zeatin (14), etc.),
auxin (15), gibberellins (e.g. 16), abscisic
acid (17), and other plant hormones has
been recognized, although the regulation
mechanisms are until now only rudimen-
tary understood (cf. Fig. 2). Moreover,
several enzymes involved in the degrada-
tion of chlorophyll without affecting the
integrity of the macrocycle, have been
recognized in the past. Thus, chlorophyl-
lase has long been known to catalyze the
hydrolysis of phytol from chlorophyll (18)
yielding chlorophyllide [42]. Removal of
the complexed Mg!'-ion by magnesium
dechelatase leads to pheophytin. Through
the action of both enzymes pheophorbide
(19) is formed (cf. Scheme 4). The corre-
sponding pyropheophytin and pyropheo-
phorbide, which lack the methoxycarbo-
nyl group on C(132), have been found in
photosynthetic organisms [43]. Both pig-
ments have been characterized as chioro-
phyll catabolites in the digestive tract and
in the faeces of terrestrial herbivores. On
the other hand, a few natural pigments
which probably proceed from cleavage of
the chlorophyll macrocycle have been
found in organisms which do not produce
endogenous chlorophyll, like krill (Eu-
phausia pacifica) [44], dinoflagelates (Py-
rocystis lunula) [45], and insects (Anasa
tristis Degger) [46]. Moreover, the pres-
ence of a red-fluorescent antiviral glyco-
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Scheme 4. Primary Products of Chlorophyll Degradation in vivo
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Scheme 5. Chlorophyll b Catabolites Isolated from Chlorella protothe-
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protein [47] in the digestive juice of silk-
worms (Bombyx mori L.) has been report-
ed by Japanese authors [48]. Later work
proved that in vitro this biliprotein is only
formed in the presence of chlorophyll a
andchlorophyllase, so thatatransformation

of chlorophyll a into the biliprotein may
be inferred [49]. Feeding experiments car-
ried out with '“C-labelled chlorophyll a,
which was prepared from pheophorbide
by partial synthesis [50], revealed, how-
ever, a very low incorporation of '“C in the

biliprotein isolated from the digestive juice
of the caterpillars; the main radioactive
product being chlorophyllide a. Interest-
ingly, up to 9% transformation of chloro-
phyll @ into chlorophyl!l b in the intestine
of the larvae could be demonstrated [51].
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The occurrence of a chlorophyll oxi-
dase which presumably transforms chlo-
rophyll into the corresponding (R)- and
(S)-] 32-hydroxy derivatives (allomeriza-
tion) has been discussed [52]. As the cor-
responding nonenzymatic reaction occurs
readily in the dark under the influence of
air in methanolic solution, it must be born
in mind that such compounds may be
formed during the procedure of isolation
from the organic preparations.

More recent investigations of the chlo-
rophyll catabolism in phanerogams sug-
gested that the degradative processes oc-
curring in senescent leaves serve the reut-
ilization of nutrients in other parts of the
plant. This is particularly important re-
garding the nitrogen which is continuous-
ly displaced from senescent into growing

A FRIBOURG

organs until itis finally accumulated in the
reserve proteins of storage tissues. Wheth-
er the four N-atoms of the chlorophyll
molecule are reutilized in the same way is
still unknown [53].

In 1991, two Swiss research groups
succeeded for the first time, independently
of each other, in the isolation and charac-
terization of tetrapyrrolic chlorophyll a
catabolites from dark-bleached excised
primary leaves of barley (Hordeum wvul-
gare cv. Gerbel) [54] and from the culture
medium of the microalgae Chlorella pro-
totheeoides [55]. Shortly afterwards, the
structure of the pigment 21 (ef Fig. 3),
isolated from the latter, was confirmed by
X-ray diffraction analysis [56], as well as
by partial synthesis starting from pyro-
pheophorbidea [57]. The common feature
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of the isolated catabolites is the unexpect-
ed regioselectivity of the oxidative cleav-
age of the macrocycle at the C(4)=C(5)
bond instead of the C-C bonds adjacent to
the reduced pyrrolering, asgenerally prog-
nosticated before. Meanwhile, a related
chlorophyll a catabolite has been found in
the dicotyledon Brassiea napus L. (rape)
[58] (ef Fig. 4), and a series of bilin
derivatives, all of them resulting from
cleavage of the chlorophyll macrocycle at
the a-methene bridge, have been isolated
from the culture media of C. protothe-
eoides [59]and C.kessleri [60] (e.f Fig. 3).
Moreover, two degradation products, 27
and 28, of chlorophyll b (26) have been
isolated from the culture medium of the
former and characterized for the first time
[61] (cf Scheme 5).

Fig. 5. Some strains of the microalgae Chlarella can be stimulated experimentally to theformation of chlorophyll catabo/ites which are secreted into the
culture medium. The structures of these catabolites have been elucidated at the Institute for Organic Chemistry of the University of Fribourg for the first
time. Growing (left) and bleaching cells (right) of Chlorella kessleri.
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In contrast to the pigments excreted
into the culture mediumby Chlorellacells,
the chlorophyll catabolites 29 and 30 iso-
lated by Matile et al. from phanerogams
are colorless compounds, which turn a
rusty color only on exposure to air (cf. Fig.
4). Thus, itbecomes clear why the primary
degradation products of chlorophyll have
been overlooked for such a long time. On
the other hand, the present results point
out that chlorophyll catabolism may in-
volve several reductive steps which are
absent in the degradation of heme. As it is
well documented that polypyrrolic com-
pounds in which the pyrrole rings are
joined by methylene bridges are readily
cleaved by protolysis [62], a further deg-
radation of compounds like 21 should be a
rapid process (cf. Scheme 6). Until now,
however, the fate of the products formed
after cleavage of the chlorophyll macro-
cycle is not known.

Decisive for the results of the Fribourg
group was not only the knowledge about
the earlier finding that, during the process
of bleaching of C. protothecoides cells,
which takes place when this green algae is
grown in a medium rich in glucose but
poor in nitrogen (cf. Fig. 5), ared pigment
is excreted into the culture medium
[63][64], but also the discovery that pho-
tooxidation of pyropheophorbide metal
chelates in vitro yields similar products as
those isolated from the culture medium of
C. protothecoides [65], the regioselectiv-
ity of the ring cleavage being dependent
on the complexed metal ion [66]. Howev-
er, an investigation of the photooxidative
ring cleavage of the Cd'-chelate of py-
ropheophorbide a in vitro and of the enzy-
matic transformation of chlorophyll a into
21, both in the presence of '80,, revealed
that both transformations proceed by dif-
ferent mechanisms. As a matter of fact, the
pattern observed in the range of the molec-
ular-ion peaks of the photooxidation prod-
uct, after reductive demetallation, agrees
with the incorporation of two O-atoms
proceeding from the same molecule (¢f.
Fig. 6). Most likely, therefore, the ob-
tained formylbilinone derivative is formed
via a dioxetane, resulting from the cy-
cloaddition of a singlet oxygen molecule
to the C(4)=C(5) bond of the substrate [67]
(cf. Scheme 7). On the other hand, after
bleaching of C. protothecoides cellsinthe
presence of '80,, it could be proved by
mass spectrometric analysis of the red
bilin derivative 21 excreted into the cul-
ture medium that only the O-atom of the
formyl group proceeds from molecular
0,, whereas the O-atom of the lactam
carbonyl originates from H,O [68] (cf.
Fig. 7).
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CO,CHy

CO,CHy

Fig. 8. Hitherto characterized xanthocorrinoids obtained by ‘coupled oxidation' in vitro of heptam-
ethyl dicyanocobyrinate and some of its derivatives. For the sake of clarity, only the part of the
molecule, which is modified, is represented in the partial structure, remainder as in the preceding entire

formula.
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Fig. 9. Xanthocorrinoids obtained by ‘coupled oxidation’ of cyanocobalamin (vitamin Bj2) in vitro

On the basis of the above results, a
tentative pathway for the enzymatic deg-
radation of chlorophyll can be suggested,
in which the 1,2-diol formed by hydroly-
sis of a primary pheophorbide-4,5-epox-
ide is cleaved by a retroaldol-like reaction
(¢f. Scheme 8). As the presence of a Mg'l-
dechelatase in senescent chloroplasts has
been recently demonstrated by the Zurich
group [69], it may be anticipated that loss
of the Mg-atom precedes the oxidative
cleavage of the macrocycle in the enzy-
matic degradation process. Moreover, as
microalgae are considered to be the phy-
logenetic ancestors of green plants, it may
be expected that this pathway holds true
for protista and multicellular organisms as
well.

4. Vitamin B, Catabolism

Despite the fundamental structural dif-
ferences between the chromophores of
heme and the corrinoids (to which adeno-
sylcobalamin — the vitamin B |, coenzyme
— belongs), the latter are usually associat-
ed to the tetrapyrrolic pigments owing to
their manifest global appearance which
reflects their common biosynthetic origin.

As the vitamin B, requirement of man
is very low (ca. 2-5 ug daily), the proof for
a metabolism of this compound in the
human body is difficult. On an adminis-
tered oral dose of 0.5-2 ug of pure vitamin
B 5, 60-80% is absorbed. As the oral dos-
age increases, the percentage absorbed
decreases; at a dose of 5 mg 30% or less is
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absorbed. Studies employing radioactive
vitamin B, prove that the unabsorbed part
of vitamin B, which is taken with the diet,
appearsinthe faeces, and only anegligible
amount in the urine. If excessive amounts
of vitamin B, are administrated parenter-
ally, however, rapid renal excretion of
unbound vitamin is observed.

Vitamin B, is probably a primitive
coenzyme that was in its prime before O,
was a significant component of the earth’s
atmosphere. At present, the biosynthesis
of corrinoids is restricted to bacteria. There
is no known vitamin B ,-dependent reac-
tion in higher plants, and only two vitamin
B ,-dependent reactions seem to be re-
tained in animals in the course of evolu-
tion. Therefore, it may be assumed that
corrinoid catabolism should take place, if
at all, in microorganisms rather than in
more developed living beings.

The microbial degradation of vitamin
B, wasfirststudied by Helgeland, Jonsen
and Lalund and subsequently by Pfiffner
andcolleagues. Helgeland etal. [70] found
thatcultures of Aerobacter aerogenes con-
verted vitamin B, into yellow or brown
products, which were separated into two
fractions by electrophoresis. On the basis
of the UV/VIS spectra of the isolated
components, they suggested that their yel-
low compounds might have a structure
analogous to that of the coenzymes, in
which the conjugated system had been
interrupted. Pfiffner et al. |71] obtained
yellow compounds from the action of cul-
tures of several different bacteria, of which
Pseudomonas rubescens attacked vitamin
B> the most rapidly. Later on, evolution

of CO during aerobic incubation of hy-
droxycobalamin with either Bacillus
cereus or o-hemolytic Streptococcus mi-
tis was reported by Engel et al. [72] who
insinuated an analogy between heme and
cobalamin catabolism by these bacteria
strains. In conformity with this hypothe-
sis, the controlled ‘coupled oxidation” of
vitamin B, in the presence of ascorbic
acid yields a series of products, which
showed a greater absorption at 465 nm
than cyanocobalamin [73]. At least some
of these products appear to be fairly typi-
cal ‘stable yellow corrinoids’ (later called
xanthocorrinoids), a class of compounds
which are formed as byproducts in most
reactions of cobalamin which proceed with
alteration of the oxidation state of the
complexed cobaltion. However, the struc-
ture of these pigments could not be eluci-
dated at that time.

A systematic study of the ‘coupled
oxidation’ of cobyrinic acid derivatives in
the presence of ascorbic acid and Cu'! ions
(Udenfriend reaction) has been carried out
in our research group in a series of com-
munications published between 1977
and 1991 [74-80]. The structures of the
compounds which have been character-
ized in the course of this work are repre-
sented in Fig. 8. Contrarily to the sensi-
tized photooxygenation of heptamethyl
dicyanocobyrinate, in which rupture of
either the C(5)=C(6) or the C(14)=C(15)
bond has been observed by Krdiutler
[81][82], the ‘coupled oxidation’ of corrin
derivatives is regio- and stereoselective.
Thus, even though the conversion rate
does not account for the totality of the

Scheme 8. Suggested Mechanism of the Enzymaric Oxidative Ring Cleavage of Chlorophylls

Pheophorbide a
Epoxydase
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substrate used, in all but one of the inves-
tigated reactions (vide infra), hydroxyla-
tion of the macrocycle takes place on C(5),
cis to the peripheral acetic-acid chains. In
no case, reaction occurred on C(10), which
would be the only position of the corrin
chromophore capable to be eliminated
subsequently as carbon monoxide. A ra-
tionale for this behavior has been pro-
posed, which is similar to that of the hy-
droxylation of the heme chromophore, as
given in Scheme 2 [77]. Usually, the ace-
tic-acid substituent on C(7) is involved in
the stabilization of the cationic intermedi-
ate formed upon hydroxylation of the C(5)
position of the macrocycle (¢f Fig. 8).
Interestingly enough, an analogous hy-
droxy-lactone derivative (precorrin-3B)
has been identified recently as a biosyn-
thetic intermediate of vitamin B, in the
aerobic bacterium Pseudomaonas denitrif-
icans [83][84].

In the case of substrates in which the
acetic acid residue on C(7) (methyl ace-
tate, acetamide or c-lactone) had been
replaced by aless reactive group (¢-lactam,
c-etheroralkyl), eitheradiol (31eand 31f)
was obtained [80] or a pinacol-type rear-
rangement was observed, in which the Me
group on C(5) migrates to the vicinal C(6)
position (31g and 32a) [78). The latter
kind of reaction was also observed with a
peralkylated corrin derivative as substrate
(cf. 32) [75]. The ‘coupled oxidation’ of
vitamin B, itself yields, in addition to
xanthocorrinoid 33, a red-orange product
34, which is formed by hydroxylation on
C(15) and subsequent elimination of the
proton bound to C(13) [79] (c¢f Fig. 9).
Although both corrinoids were identified
later with pigments present in small quan-
tities in the culture media of different
strains of bacteria (Enterobacter aero-
genes, Alteromonas putrefaciens, Pseu-
domonas putida, Rhizopus arrhizus,
Cunninghamella blakesleeana, Beauve-
ria bassiana, and Corvnebacterium sp.)
[85], the possibility that they are formed as
artefacts cannot be ruled out at present.
Thus it must be concluded that a convinc-
ing evidence for an enzymatic degrada-
tion of cobalamin derivatives is still miss-
ing.

In the present work, a number of the author’s
own contributions to the subject treated are re-
ported. All colleagues and coworkers, whose
names are mentioned in the references, deserve
my sincere thanks for their valuable help, encour-
aging enthusiasm, and fruitful experimental abil-
ities. Likewise, | wish to thank the Deutsche
Forschungsgemeinschaft and the Swiss National
Science Foundation for their generous financial
support of our research projects, before and after
October Ist, 1982, respectively.
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